In this paper we present real-time transmission performances up to 25 Gbit/s for optical access network. Our solution is based at transceiver side on pre-coded NRZ and electrical duo-binary modulations using limited electrical bandwidth DML in C and O band. At the receiver side, an electrical duo-binary receiver based on an 8 GHz APD photodiode combined with an online duo-binary to binary converter is employed. Keywords: pre-coded NRZ, electrical duo-binary, directly modulated laser, optical access network.
DATA BIT RATES EVOLUTION IN THE OPTICAL ACCESS NETWORK
Currently, optical access standards ( [1] [2] [3] [4] ) are based on "on/off" keying Non Return to Zero (NRZ) modulation format with direct intensity modulation at the emitter and direct detection at the receiver side. The present evolution of the number of access network subscribers [5] and their behaviour in terms of daily network utilization is directly related to the continuous enhancement of the desired throughput per customer. This effect pushes up the demand for transmission rate [6] . In order to provide the network evolution, ITU-T defined NG-PON2 standard [3] , a technical solution based on Time and Wavelength Division Multiplexing (TWDM) which involves up to 8 channels working at 10 Gbit/s in downstream and/or upstream. Now, IEEE (NGE-PON) and FSAN/ITU-T (25G-PON) are working on technologies in order to define high data bit rate optical access solutions based on 25 Gbit/s. In such context, systems based on an NRZ modulation format coupled to electrical equalization techniques and signal processing have been proposed [7, 8] . More efficient modulation formats such as duo-binary modulation [9, 10] and Pulse Amplitude Modulation (PAM-4) [10, 11] are also considered. Whatever the field of application, optical access equipment have to be low-cost. Also it should take any possible opportunity to re-use optical components (Direct Modulated Lasers (DML) and Avalanche Photodiodes (APD)) previously involved in the 10 Gbit/s-based access networks.
In this paper, we propose to consider a duo-binary reception Optical Line Terminal (OLT) for operation at rates up to 25 Gbit/s based on either a pre-coded NRZ (p-NRZ) or an Electrical Duo-Binary (EDB) incoming signal and an 8 GHz APD photodiode. Section 2 describes EDB generation techniques. The transmission experimental setup is described in Section 3 and Section 4 compares the transmission results. Section 5 provides some conclusions and perspectives.
EDB MODULATION FORMAT
2.1 Duo-binary signals generated via an electrical low-pass filter EDB modulation (Fig. 1a) is based on an NRZ sequence that is pre-coded thanks to a XOR gate. The pre-coded part is used first to easy recover the duo-binary data [12] and second to prevent error propagation [13] . Next the signal passes through a Finite Impulse Response (FIR) filter [14] which can be approximated as a 5 th order Bessel Low-Pass Filter (LPF) with a cut off frequency at half the bit rate.
The LPF attenuates abrupt transitions as "0 1 0" and "1 0 1" generating a third level in the pre-coded signal (Fig. 1b) . The EDB signal could be generated at transceiver (Tx) side by introducing a duo-binary coder. It could be also generated at the receiver (Rx) side using a low electrical bandwidth receiver or both Tx and Rx side by using a low-bandwidth emitter and receiver. In our tests, we use an 8 GHz APD with an electrical response represented Fig. 1a , which matches the 5 th order Bessel LPF response. 
Duo-binary to NRZ decoder based on electrical components
References [15] [16] [17] propose some offline processing techniques to decode an EDB signal. They are based on electrical comparators followed by a XOR gate.
In this paper, we propose an in line decoder which uses the two APD outputs ("D" and " D "). Fig. 3a) . The top (resp. bottom) limiting amplifier select out symbol "+1" (resp. "-1") from all other symbols (i.e. "0" and "-1, resp. "0" and "+1"). Finally (point 6 in Fig. 3a) , a XOR gate builds back the initial NRZ signal. A delay line need be added in the scheme in order to adjust the delay between the two arms of our in line decoder.
EDB AND p-NRZ TRANSMISSION EXPERIMENTAL SETUP FOR DATA BIT RATES
UP TO 25 GBIT/S The experimental setup used for electrical generating EDB and p-NRZ signals for optical transmitting tem and for reception scheme is depicted in Fig. 3a .
In the case of the emitter "Tx1", a 2 31 -1 PRBS NRZ electrical signal generated by a Pulse Pattern Generator (PPG) is converted into an EDB sequence thanks to a duo-binary encoder working up to 28 Gbit/s. The EDB signal is next amplified up to 2.7 Vpp via a 35 GHz RF-amplifier and is used to modulate DMLs characterized by an emission wavelength either located in C-band or O-band.
For the second emitter "Tx2", a 2 15 -1 pre-coded PRBS NRZ signal is directly applied to the same DMLs as used in the case of emitter "Tx1". 
Figure 3: a) EDB and p-NRZ emitters with EDB detection and in line decoder; b) Eye diagrams in O-band at Tx and Rx side in back-to-back (BtB).
The C-band DML has 14 GHz electrical bandwidth and emits 11.5 dBm for a 100 mA bias current (I bias ). The O-band DML is characterized by a 16 GHz electrical bandwidth and an output optical power of 10.5 dBm for I bias = 77 mA. Various optical fiber lengths (up to 40 km) are used for the optical transmission and a Variable Optical Attenuator (VOA) allows tuning the optical power at the input of the receiver varying the Optical Budget (OB). For all the output optical power used, non-linear effects such as Stimulated Brillouin Scattering remain negligible. Rayleigh backscattering is also measured.
The receiver consists in an 8 GHz electrical bandwidth APD equipped with an integrated trans-impedance amplifier. Figure 3b includes some eye diagram assessment of the O-band transmissions. In the case of a transmitted EDB signal, the APD electrical bandwidth has negligible influence on the detected signal (Fig. 3b1) . On the other hand for a 25 Gbit/s p-NRZ optical signal, the APD electrical bandwidth filters the signal and transforms it into duo-binary (Fig. 3b2) . The APD outputs "D" output is connected to a first 28 GHz limiting amplifier via a 26 GHz delay line and " D " output directly to a second 28 GHz limiting amplifier. At the photodiode output, a signal offset always allows to select the EDB positive part. Outputs of the amplifiers are connected to a 28 GHz XOR gate and delivers out a NRZ signal (Fig. 3a point 6) . A 32 GHz Clock and Data Recovery (CDR) unit extracts the clock used to synchronize the Error Detector (ED). Figures 4a and 4b summarize C-band and O-band transmission performances in the case of an EDB ("Tx1") and a p-NRZ ("Tx2") modulation format respectively. Performances are evaluated for data bit rates up to 25 Gbit/s. For each transmitter, Back-to-Back (BtB) performances are given at 10 Gbit/s for a 2 31 -1 PRBS NRZ signal. Following penalties are given with respect to these for a BER of 10 -4 . Figure 4a displays BtB performances mainly as transmission is rapidly limited by chromatic dispersion in C-band. A 20 Gbit/s p-NRZ transmission is performed for 10 km of optical fiber: a 28 dB optical budget can be achieved for a BER of 10 -4 . C-band p-NRZ BtB penalty is 2 dB when the data bit rate increases from 20 Gbit/s to 25 Gbit/s. This is due to the 8 GHz electrical bandwidth limitation of the APD. In C-band, EDB and p-NRZ modulation format present equivalent BtB performances at 20 Gbit/s.
TRANSMISSION PERFORMANCES IN O AND C-BAND
In O-band, it is possible to achieve 40 km of propagation at 20 Gbit/s or 25 Gbit/s as chromatic dispersion effect is very limited. Measurements are done with both an EDB and a p-NRZ modulation format. In the case of the p-NRZ modulation format, the penalty is lower than 1 dB between the BtB and the 40 km performances for both 20 Gbit/s and 25 Gbit/s. The OB is about 28 dB at 20 Gbit/s and 26.5 dB at 25 Gbit/s (for a BER of 10 -4 ). EDB transmission achieves an OB of 30 dB (BER = 10 -4 ) at 20 Gbit/s with 40 km of optical fiber, BtB performances are the same but not represented here. EDB performances become worse in the case of a 25 Gbit/s data bit rate, 40 km propagation but still allow for an OB of 23.5 dB for a BER of 10 -3 . At 25 Gbit/s, EDB transmissions are limited by the electrical bandwidth of the APD receiver that filters the signal and deteriorates the decoded transmitted signal. In C-band (resp. O-band), it generates a BER error floor of 10 -3 (resp. 5×10 -4 ). 
CONCLUSIONS AND PERSPECTIVES
We demonstrated an O-band transmission up to 40 km with a 26.5 dB optical budget at 25 Gbit/ based on a p-NRZ emission using a 14 GHz low-bandwidth electrical DML. The receiver is using a classical 8 GHz APD photodiode and a real-time EDB to NRZ converter based on limiting amplifiers and a XOR gate. This solution could be quite convenient for a low cost upstream architecture of a 25G-PON solution. In O-band we also demonstrate that 28 dB optical budget can be achieved for a 20 Gbit/s data bit rate with either a p-NRZ or EDB transmission. In C-band, transmission performances are much worse due to chromatic dispersion effects. However, p-NRZ transmission at 20 Gbit/s is demonstrated for a fiber length up to 10 km and a 28 dB optical budget. Performances in C-band could still be improved by pre-equalization and electrical mitigation techniques.
